Non-freezing cold injury (trench foot) is characterized, in severe cases, by peripheral nerve damage and tissue necrosis. Controversy exists regarding the susceptibility of nerve fibre populations to injury as well as the mechanism of injury. Clinical and histological studies (n=2) were conducted in a 40-year-old man with severe nonfreezing cold injury in both feet.
INTRODUCTION
Non-freezing cold injury (NFCI) is induced by prolonged exposure of the limbs, mainly the feet, to cold and damp. Most recorded cases have been in military personnel forced to remain outdoors in extreme conditionsl. The name 'trench foot' refers to the Western Front in the First World War2, ' immersion foot' to conditions in lifeboats after shipwreck in the Second World War3. Isolated cases have been reported in civilians-8 and we suspect that the non-military equivalent of trench foot commonly goes unrecognized.
In the clinical syndrome of NFCI features of peripheral neuropathy are prominent. Recent experimental work indicates that in nerve trunks large myelinated fibres are preferentially damaged, while small myelinated fibres are relatively spared and unmyelinated fibres are undamaged9.
Concordant with this damage, injury is seen in fine terminal cutaneous nerves. These findings are consistent with some10-13 but not all14'1F6 experimental work. As regards clinical investigation, the rarity of the condition makes a large systematic investigation impossible. Here we report observations in a previously fit man who developed NFCI while living rough.
CASE REPORT
A 40-year-old Asian man was found collapsed beside a park bench. After being made redundant, he had been evicted for ' non-payment of rent and for three weeks he had slept in subways and on park benches; the weather had been wet and minimum daily air temperatures on eight of the nineteen days had been below freezing. During this time he had been troubled by cold wet feet and numb toes. Symptoms were exacerbated by inactivity and eased by a short walk. From time to time the patient dried his footwear with a hot air drier in a public convenience. Symptoms worsened until he lost all sensation and function in his swollen feet. Pain was not a feature. Previously he had been fit and well, smoking 10-12 cigarettes daily and consuming alcohol occasionally.
On admission he was mildly pyrexial (37.8°C) and both feet showed general violaceous discolouration with black blistered areas of superficial skin necrosis. The plantar surfaces were more severely affected than dorsal surfaces, while all terminal phalanges were gangrenous and necrotic. On neurological examination there was profound bilateral sensory loss of stocking distribution; ankle reflexes were normal. All peripheral pulses were of good volume and the ankle/brachial pressure index was near one for all vessels.
Initial treatment was intravenous antibiotics, bed rest and foot elevation. During the first days in hospital both feet, which had become hyperaemic in appearance, started to tingle but remained numb. After four weeks the necrotic toes had demarcated and were surgically debrided and repaired with local flaps or split skin grafts. The areas of superficial necrosis had healed spontaneously. Further recovery was uneventful and the patient was discharged after successful rehabilitation.
METHODS

Tests of sensory nerve function
Tests were performed at fixed sites on plantar and dorsal surfaces of both feet four days, two weeks and one month after admission. Measurements from the medial cutaneous surface of the right calf provided control values. Electrophysiology has been widely used for measuring peripheral nerve function. However, this assesses only the rapidly conducting, heavily myelinated axons and does not assess slow-conducting myelinated or unmyelinated fibres17'18. More discriminating tests were employed to assess large and small nerve fibre populations. Each test was performed three times and the mean was recorded.
(a) A Disk-Criminator (PO Box 16392, Baltimore, Md, USA) was used to measure moving and static two-point discrimination (2pd) in the testing sequence described by Dellon et a]. 19 . Two-point discrimination, a measure of the density of Merkel cell receptors (the end organs of A-beta fibres), has proved a valid measure of functional sensibility in the hand moving 2pd correlating with tactile gnosis and static 2pd with ability to perform tasks requiring precision grip20.
(b) Pressure thresholds were measured with Weinstein-Semmes pressure aesthesiometer filaments (Research Media Inc, IL 60191) as described by Levin (c) Vibratory perception thresholds were assessed with a Bio-Aesthesiometer (Bio-Medical Instruments Co, Ohio) applied with constant force to the test foot; the amplitude of vibration (,um) was increased from zero until the threshold was reached. This test provides a quantitative assessment of large-myelinated-fibre populations carrying proprioceptive signals22.
(d) For warm and cold thermal thresholds a thermode measuring 3 x 4 cm, from a computerized thermal sensory analyser (Medoc TSA-2001), was positioned on the test site and stimuli were produced according to predetermined patterns. The average of three stimuli was taken as a measure of warm and cold thermal thresholds and heat pain thresholds. In human skin, cool sensation is mediated by small myelinated A-delta fibres, warm sensation by unmyelinated C-fibres and heat pain sensation by nocioceptive C-fibres and possibly A-delta fibres at supraliminal stimuli22'23.
Immunohistochemistry A full thickness biopsy of viable skin was obtained from the plantar surface of the patient's right great toe at the time of surgical debridement. Control plantar skin was obtained, in another patient, from the pulp of a second toe during debulking six months after successful toe-to-thumb transfer. Sensory recovery in this latter patient was good, with twopoint discrimination<7mm (grade 3+ sensory recovery). The specimens were fixed immediately in Zamboni's solution for 6 h at room temperature and rinsed in 0.01 mol/L phosphate-buffered 0.15mol/L saline (PBS) containing 15% (w/v) sucrose. The buffer was changed on two further occasions and specimens remained in this until they were processed further.
The fine terminal nerve fibres were immunostained by an indirect immunofluorescence technique. Serial cryostat sections (15 pm) were cut perpendicular to the cutaneous surface and collected sequentially onto four slides such that every fourth section was stained for the same antigen. Before immunostaining, sections were stained in solution of pontamine sky blue (0.05%) in PBS to reduce background autofluorescence24. Staining was done with antisera to protein gene product 9.5 (PGP, diluted 1/1200) and panaxonal neurofilaments (NF, diluted 1/1000), both panneuronal structural markers; S100 (diluted 1/ 1200), a Schwann cell marker; and von Willebrand factor (vWF, dilution 1/1200), an endothelial cell marker used to identify structural vascular change. Haematoxylin and eosin was used for conventional histology. Test and control samples were compared subjectively.
RESULTS
Clinical testing
On initial testing there was an obvious sensory deficit in both feet (Table 1) . Plantar surfaces were more severely affected than dorsal and the right foot was more badly affected than the left (Figure 1 ). The patient was unable to sense the maximum amplitude of vibration (65pim) on the right plantar surface and was unable to perceive either liminal warm or cold stimuli or painful thermal stimuli. Despite the loss of vibration sense in the feet, joint position sense was always retained in the toes. Many of the recorded thermal thresholds represent the temperatures at which the stimulating thermode automatically cut off to prevent tissue damage (limits 00 and 50 0C, respectively). A previous study showed that in the human forearm warm thresholds are in the range 39-40°C, cold thresholds 31-33°C and heat pain thresholds 45-46°C23. Unfortunately, because of technical difficulties, thermal analysis studies were possible only on the first occasion. Some sensory improvement was seen with time, particularly on the less severely affected dorsal foot surfaces, though little improvement was recorded on the plantar surface of the right foot. After one month all indices remained abnormal, even in areas where improvement was identified. 
Immunohistochemistry
In the control specimen, numerous NF immunoreactive (IR) fibres were found distributed in the subepidermis, dermis and subdermis (Figure 2a) ; several individual fibres were also seen around blood vessels and sweat glands, while nerve bundles were seen in the dermis and subdermis. By contrast, in the NFCI specimen no immunofluorescent NF-IR fibres were found in any skin area (Figure 2b) . A similar pattern of staining and change was seen with the second pan-neuronal marker employed (PGP 9.5), although the intensity of staining in the uninjured specimen was weak by comparison. Abundant staining to S100 was found in all areas of control skin as well as around blood vessels and sweat glands. Again in striking contrast, S100 immunoreactivity was very sparsely distributed in NFCI skin. However, numerous Langerhans cells were stained, mainly within the basal layers of the epidermis. These cells crossreact with antisera to S10025,26. In control skin, immunoreactivity to vWF was widespread and clearly demonstrated the subepidermal capillary plexus with vessels _~~-- ramifying into the dermal papillae ( Figure 3a ). In NFCI skin, vWF immunostaining revealed increased vascularity in all areas and was particularly evident in the subepidermal capillary plexus (Figure 3b ).
DISCUSSION
The features of this case re-emphasize that the typical conditions giving rise to NFCI are prolonged exposure to a cold and wet environment. In the Faildands conflict, when mean air temperatures ranged between 10°C by day and -4°C at nightl, at least 20% of evacuated British casualties suffered from NFCI. The clinical history of our patient provides some support for the hypothesis that injury is due to repeated cooling and rewarming, with a cycle of ischaemia and reperfusion27-29. The characteristic clinical features of NFCI have been described on several occasions3'30'31. Clinical features on rewarming have been divided into three stages: the pre-hyperaemic stage in which the affected limb remains cold, swollen and numb, typically for several hours; the hyperaemic stage, characterized by sensory, motor and vascular disturbances, lasting up to 10 weeks; and the post-hyperaemic stage in which the affected limb returns to normal. The present case displayed several features typical of the hyperaemic stage including blistering, ulceration and gangrene with concurrent erythema, swelling and hyperaemia, the latter being consistent with the increased immunoreactive staining to vWF observed in the skin biopsy. Some of the clinical and histological techniques we used to study nerve damage have been employed previously to study large and small nerve fibre involvement in diabetic neuropathyl8'32'33. The abnormal 2pd and loss of pressure perception and vibration sense indicated functional damage to large myelinated fibres. The sole of the normal foot is more densely innervated than the skin of the lower leg, and although we found a deficit in the affected feet compared with the calf, the actual deficit comparison with a normal foot would show a bigger difference. A more valid control value might be the static 2pd of 7mm reported for the transferred second toe used to provide a specimen of control skin. Sensory perception of thermal stimuli was also severely diminished, indicating functional damage to small myelinated and unmyelinated A and C fibres. Immunohistochemical changes were consistent with these findings in that there was complete absence of staining for the panneuronal markers PGP9.5 and NF, indicating structural damage also to the fine unmyelinated terminal nerves in the skin. Thus, our findings in this case of severe NFCI agree with earlier clinical reports in showing damage to nerve fibres of all sizes1 56. In the clinical case reported by Peyronnard4 and in recent experimental studies9'13, preferential damage to large myelinated fibres with relative sparing of small myelinated and unmyelinated fibres was demonstrated most probably because these represent less severe examples of NFCI, without tissue necrosis and with reversible peripheral neuropathy. We suspect that large myelinated fibres are the first to be damaged but, as the injury becomes more severe, all sizes of myelinated and unmyelinated nerve fibre are ultimately involved.
